Background/Aims: Activation of metabolite-sensitive transient receptor potential vanilloid type 1 (TRPV1) receptors (capsaicin receptors) in afferent nerves of the hindlimb muscles of rats increases renal sympathetic nerve activity (RSNA) and blood pressure (BP) via a reflex mechanism. The purpose of this study was to examine the role of adenosine in modulating the reflex RSNA and BP responses to stimulation of TRPV1. Methods: RSNA and BP responses were recorded in rats. Immunofluorescence and patch-clamp methods were employed to examine the receptor mechanisms responsible for the effects of adenosine. Results: Adenosine, in the concentration of 100 µM, injected into the femoral artery had an inhibitory effect on the reflex RSNA and BP responses induced by capsaicin. Likewise, arterial injection of adenosine analogue CGS21680 (A 2A subtype receptor agonist, 10 µM and100 µM) also attenuated the reflex responses. In addition, co-existence of A 2A and TRPV1 was observed in the dorsal root ganglion neurons. The prior application of adenosine or CGS21680 inhibited the magnitude of capsaicin-induced currents in muscle sensory neurons. Conclusion: Adenosine contributes to muscle afferent TRPV1-engaged reflex sympathetic and pressor responses. It is likely that TRPV1 response is impaired as the levels of adenosine are increased in the hindlimb muscles under diseased conditions.
Introduction
The metabolic by-products accompanying the inflammatory process (lactic acid, H + ) and inflammatory mediators themselves (histamine, serotonin, prostaglandin E2) have been identified as potential endogenous ligands for the C fiber transient receptor potential vanilloid type 1 (TRPV1) [1] . Hydrogen ions (H + ) in general and lactic acid in particular have been shown to activate C fiber afferents similar to the effect seen with capsaicin [2, 3] . In vitro studies have demonstrated that H + inhibits the binding of the capsaicin analogue resiniferatoxin to vanilloid receptors, a finding attributed to competition for the same binding site [1] .
The levels of metabolite such as lactic acid and acid phosphate are elevated in active muscle during exercise. Activation of thin fiber muscle afferent nerves' metabolic receptors increases arterial blood pressure (BP) and heart rate (HR) via a reflex muscle mechanism [4, 5] . When capsaicin is injected into the arterial supply of the dog hindlimb to stimulate TRPV1 receptors, BP rises by 20%, an effect abolished by sectioning afferent nerves [6] . The reflex pressor response is likely due to the stimulation of both Group III and IV fibers since capsaicin stimulates 71% of Group IV and 26% of Group III dog hindlimb muscle afferent fibers [7] . It is known that TRPV1 receptor appears preferentially on chemically sensitive thin fiber muscle afferent nerves [8] . In our prior studies, we observed that when capsaicin is injected into the arterial supply of the hindlimb muscles of rats, sympathetic nervous activity (SNA) and BP increase and the effects are mediated via the engagement of TRPV1 receptors on muscle afferents [9] .
Data have been published demonstrating that interstitial adenosine and adenine nucleotides (ATP, ADP and AMP) levels are elevated in active muscle during exercise in human subjects as well as in animals [10] [11] [12] . Prior work has been performed to examine the role played by adenosine in evoking the reflex responses of SNA and BP to exercise. For example, reports have shown that adenosine, injected in the brachial artery, evokes the muscle reflex [13, 14] . In addition, femoral artery injection of adenosine increases SNA and BP only if the purine is allowed to re-circulate to the systemic circulation [15] . In contrast, the muscle reflex evoked by handgrip exercise is accentuated by injection into the brachial artery of theophylline, an adenosine receptor antagonist [16] . Other studies reported that adenosine does not lead to increases in SNA and BP and to evoke the muscle reflex [17, 18] .
A prior work suggests that stimulation of adenosine receptors on peripheral sensory fibers inhibits its discharge and this reduces pain [19] . Notably, an in vitro experiment further provides evidence that adenosine inhibits TRPV1 activity by directly interacting with the receptor protein [20] . Therefore, the purpose of our current study was to shed light on the role played by adenosine in regulating the reflex SNA and BP responses to stimulation of muscle afferents via TRPV1. We hypothesized that adenosine attenuates muscle afferent TRPV1-engaged reflex SNA and BP responses via A 2A subtype receptor. Furthermore, our experiments were designed to use the immunofluorescence method to examine the coexistence of A 2A and TRPV1 in the dorsal root ganglion (DRG) neurons; and the whole cell patch-clamp method to examine whether the current magnitude of the DRG neuron response induced by capsaicin was affected by the prior application of adenosine.
Materials and Methods

RSNA and cardiovascular responses
All procedures outlined in this study were approved by the Animal Care Committee of this institution. The twenty-two male rats weighting 200-250 g were anesthetized by inhalation of an isoflurane oxygen mixture (2-5% isoflurane in 100% oxygen). An endotracheal tube was inserted and attached to a ventilator. The animals were artificially ventilated, and end tidal CO 2 was monitored by a respiratory gas monitor and maintained within normal ranges as previously described [9] . Polyethylene (PE-50) catheters were inserted into an external jugular vein and the carotid arteries for the purposes of drug administration and measurement of BP, respectively. PE-10 catheters were inserted into the femoral arteries so drugs could be injected into the arterial blood supply of the hindlimb muscles of the leg. The skin covering the triceps surae muscle and femoral region was surgically separated from the muscle below to eliminate inputs from cutaneous afferents in the hindlimb. During the experiment, fluid balance, basal BP and body temperature were maintained [9] . BP was measured by connecting the carotid arterial catheter to a pressure transducer (model P23 ID, Statham). Mean arterial pressure (MAP) was obtained by integrating the arterial signal with a time constant of 4 s. HR was determined from the arterial pressure pulse. The renal SNA (RSNA) was recorded as previously described [21, 22] . Briefly, a bundle of the renal nerves were carefully dissected from other connective tissues. A piece of laboratory film was placed under the isolated nerves, and two tips of a bipolar electrode to record neural activity were placed between the nerves and the film. These were embedded in a silicone gel. Once the gel was hardened, the silicone rubber was fixed to the surrounding tissue. The RSNA signal was amplified with an amplifier (P511, Grass Instruments) with a band-pass filter of 300 Hz in lowcut frequency and of 3 kHz in high-cut frequency and made audible.
Decerebration was performed as previously described [21, 22] . A transverse section was made anterior to the superior colliculus and extending ventrally to the mamillary bodies. The brain rostral to the section was then removed. This approach afforded the opportunity to examine the effect of arterial injection of capsaicin on blood pressure without considering the confounding effects of anesthesia. Once the decerebration was complete, anesthesia was removed from the inhaled mixture. A recovery period of 60 min after decerebration was employed to allow sufficient time for elimination of the effects of anesthesia gas from the preparation.
On the day of experiment, a stock solution of 250 µg/ml of capsaicin was diluted in saline to make the concentrations of 1.0 μg/kg body weight [9] . Then, capsaicin (volume: 0.1-0.15 ml) was injected into the femoral artery. The duration of the injections was 1 min. At least 30 min were allowed between injections. To examine effects of adenosine on TRPV1 responses, adenosine (0.5, 5 and 50 nmol/kg) and adenosine analogue CGS21680 (0.5, 5 and 50 nmol/kg) were infused into the femoral artery 20 min before capsaicin application, respectively. In additional protocol, 50 nmol/kg of adenosine or 50 nmol/kg of CGS21680 was intravenously given and RSNA and BP responses induced by capsaicin were examined. Immunohistochemistry L4-6 DRGs of four rats were immediately dissected after they were anesthetized and then transcardially perfused. The tissues were cut using a cryostat to obtain DRG sections (10 µm). The sections were washed with PBS and incubated with the rabbit anti-A 2A antibody (1:100, Abcam) overnight at 4 °C. After being washed in PBS, the sections were incubated with the goat anti-rabbit fluorescein isothiocyanate (FITC)-labeled secondary antibody (1: 200, Neruomics) for 2 hours at room temperature. To examine co-localization of A 2A and TPRV1 within DRG neurons, sections were incubated with the second primary antibody (guinea pig anti-TRPV1 at 1:100, Neruomics) overnight. Then, the sections were washed and incubated for 1 hour at room temperature with a secondary antibody (Alexa Fluor-594 conjugated goat anti-guinea pig IgG, 1:200) for 2 hours at room temperature. After that, the sections were washed in PBS, and coverslipped. FITC-and Alexa Fluor-594-labeled DRG neurons were examined using a Nikon microscope with appropriate filters, and the images were stored digitally on a computer.
Capsaicin-Induced Current of DRG Neurons
The fourteen rats were anesthetized by inhalation of an isoflurane-oxygen mixture. A fluorescent retrograde tracer, 1,1-dioctadecyl-3,3,3,3 tetramethylindocarbocyanine percholate (DiI; 60 mg/ml; Molecular Probes, Eugene, OR), was injected into the white portion of the gastrocnemius muscle [22, 23] . Four to five days were allowed before electrophysiological recordings were performed. At the end of each experiment, the gastrocnemius muscle was dissected to confirm locations of DiI. The data were included in this experiment if DiI was in the white portion of the gastrocnemius muscle.
The rats were anesthetized and decapitated. Then, DRGs at lumbar levels 4-6 were removed, and immediately placed into Dulbecco's modified Eagle's medium. The DRG tissues were then processed [22, 23] and plated onto a 35-mm culture dish containing poly-L-lysine-precoated coverslips and maintained for at least 60 min before electrophysiological recordings.
Whole cell recordings were made using fire-polished glass filled with the internal solution as described previously [22, 23] . The recording chamber was continuously perfused with artificial cerebral spinal fluid (aCSF). DiI-labeled DRG neurons were identified using a combination of fluorescence illumination and differential interference contrast (DIC; x20-40) optics on a Nikon TE2000 inverted microscope. Under DIC images of cells were displayed on a video monitor. Size of cell soma was estimated by calculating the mean of the longest and shortest cross-sectional diameters with the aid of a calibrated eyepiece reticle. The DRG neurons with diameter < 35 μm were recorded in this study [22, 23] .
For all chemical tests with capsaicin, solutions were applied locally and rapidly (2 s duration) to the neurons. The tip of each syringe was placed 100 μm from the cell soma using a manipulator. The gravity-fed solutions were controlled using manual switching of one-way stopcock valves. For capsaicin responsiveness experiments, capsaicin, adenosine, CGS21680 and MSX-3 were prepared fresh each day from a 1 mM of respective stock solution. To determine the effect of adenosine and CGS21680 exposure on capsaicin responsiveness, 1 µM of adenosine and 0.1-10 µM of CGS21680 was applied 2 min before capsaicin was given, respectively. In additional experiment, 10 µM of MSX-3, an antagonist to A 2A receptor, was given before adenosine and then capsaicin was applied.
Whole cell configuration was maintained at -60 mV. An equilibration period of 5-10 min was allowed after whole cell access was established and the recording reached a steady state. The recording was then made to measure changes in inward currents evoked by chemical stimuli. Signals were recorded and saved in a PC-based computer using pClamp 10.1 and the magnitude of inward current was determined using Clampfit 10.1 (Axon Instruments). Neurons were considered to be capsaicin sensitive if an evoked inward current was >50 pA in peak amplitude.
Data Analysis
The data of responses of RSNA, MAP and HR as well as amplitude of capsaicin-evoked currents were analyzed using a one-way repeated-measure analysis of variance. As appropriate, Tukey post hoc tests were utilized. Values are presented as means ± SE. For all analyses, differences were considered significant at P < 0.05. All statistical analyses were performed by using SPSS for Windows version 15.0 (SPSS, Chicago, IL).
Results
Effects of adenosine and CGS21680 on RSNA and BP responses induced by capsaicin
Adenosine (0.5-50 nmol/kg) and adenosine analogue CGS21680 (0.5-50 nmol/kg) infused into the femoral artery did not significantly alter RSNA, MAP and HR. There were no significant differences in basal MAP and HR among all the groups before injections (P > 0.05). In experiment of adenosine infusion, basal MAP (mm Hg)/HR (beats/min): 97±6/392±12 (control); 93±5/387±10 (0.5 nmol); 91±5/399±15 (5 nmol); 98±7/388±12 (50 nmol); and 101±6/390±14 (recovery), respectively. In experiment of CGS21680 infusion, basal MAP (mm Hg)/HR (beats/min): 92±7/390±11 (control); 98±9/399±12 (0.5 nmol); 95±5/405±14 (5 nmol); 97±9/389±13 (50 nmol); and 91±8/395±12 (recovery), respectively. In control and recovery experiments, the saline solution was infused into the arterial line and then capsaicin was injected. Figure 1 further shows that 50 nmol of adenosine, 5 nmol and 50 nmol of CGS21680 significantly attenuated RSNA, MAP and HR responses induced by 1.0 μg/kg of capsaicin (n=12 for adenosine and n=10 for CGS21680). It is noted that 50 nmol of CGS21680 had a greater attenuation on the reflex responses than the same amount of adenosine.
In addition, 50 nmol of adenosine and 50 nmol of CGS21680 (n=6 in each group) were intravenously given and the responses of RSNA, MAP and HR evoked by 1.0 μg/kg of capsaicin were examined. Intravenous administration of adenosine failed to significantly alter capsaicin-induced reflex responses. i.e., changes of RSNA, MAP and HR were 119±21%, 39±9 mmHg and 22±5 bpm in control; 121±18%, 42±10 mmHg and 20±6 bpm after adenosine (P > 0.05 vs. respective controls) and 115±18%, 36±8 mmHg and 19±4 bpm after CGS21680 (P > 0.05 vs. respective controls).
Co-existence of A 2A and TRPV1 in DRG neurons
Dual immunofluorescence techniques were used to examine co-localization of fluorescent A 2A and TRPV1 immunoreactivity in DRG neurons. 
Discussion
In general, adenosine A 1 A 2A , A 2B , and A 3 receptors (ARs) are present at the peripheral sites on sensory afferent nerve terminals (A 1 R and A 2A R) or on adjacent cell types that can potentially influence sensory inputs such as nociception under certain conditions (A 2A R, A 2B R, and A 3 R) [24] . Among these adenosine receptor subtypes, adenosine A 2B and A 3 receptors have not been identified directly on sensory neurons, but their localization on mast cells and ability to contribute to aspects of inflammation make them potential indirect contributors to inflammatory pain via release of mediators from such cells [24] . A 2A Rs are present in DRG [25] and local peripheral administration of A 2A R agonists leads to mechanical hyperalgesia and increases flinching with formalin [26, 27] . Hyperalgesia evoked by A 2A R activation is mediated by increases in cAMP in the sensory nerve terminal, activation of PKA, phosphorylation of Na+ channels, increased inward currents, and sensory afferent activation [28] . A 1 Rs have the similar function in regulating sensory inputs; however, it has been reported that A 2A Rs have a direct effect on TRPV1 channel protein [20] . Thus, in the current, we examined the role played by adenosine and its subtype A 2A Rs in modulating SNA and BP responses evoked by activation of TRPV1 in muscle afferent nerves.
Data of our current study demonstrate that arterial injection of adenosine significantly attenuated the reflex SNA and BP responses induced by stimulation of muscle afferents' TRPV1 in rats. Inhibition on the TRPV1-mediated reflex SNA and BP responses was also observed after activation of A 2A by CGS21680. Our additional study shows co-existence of A 2A and TRPV1 within DRG neurons, and that the prior application of adenosine or CGS21680 attenuated the magnitude of capsaicin-induced currents in muscle DRG neurons.
Prior studies have demonstrated that arterial injection of adenosine increases SNA and BP in humans [13, 14] . However, the effects of adenosine on SNA and BP differ with species and route of administration [13-15, 17, 18] . Thus, in a control group of the current study, we intravenously injected the same amount of adenosine and CGS21680 and then examined their respective effects on the SNA and BP responses evoked by capsaicin. It was found that intravenous injection of adenosine or CGS21680 failed to significantly alter the reflex SNA and BP responses, suggesting that the likelihood of systemic effects caused by adenosine and CGS21680 was minimal.
Adenosine, a metabolic by-product of ATP utilization, has potent vasodilator effects in cardiac and skeletal muscle [29] . Previous studies have demonstrated that adenosine is present in the muscle interstitium during exercise [10, 12, 30] . Adenosine is involved in the regulation of numerous important processes in human skeletal muscle during exercise, such as blood flow and local vasodilation in response to ischemia [31] . Aminophylline, a nonspecific adenosine receptor antagonist, has been used to block adenosine receptors in a previous study, suggesting that adenosine receptor antagonism in the exercising muscles accentuates muscle SNA during fatiguing exercise [16] . Nonetheless, the mechanisms responsible for accentuated SNA response seen after aminophylline remain unknown. It is assumed that that adenosine is likely to directly inhibit muscle afferent activity. Results of our current study provide evidence demonstrating adenosine and adenosine A 2A analogue inhibit SNA and BP responses evoked by stimulation of muscle afferents' TRPV1. It should be noted that stimulation of muscle afferent nerves' TRPV1 is involved in modifying SNA and BP responses in rats [9, 22] . Also, it has been reported that TRPV1 mediates the exercise pressor reflex in rats [32] . In contrast, a prior study using cats suggests that TRPV1 is unlikely to evoke the muscle reflex under normal physiological conditions [33] . Note that there are distinct differences in the make-up of afferent neurons when compared to different species [34] .
The role of adenosine in regulating TRPV1 may become more important as TRPV1 is downregulated and its response is impaired in some cardiovascular diseases such as heart failure due to the hindlimb ischemia [35, 36] . Thus, it is speculated that adenosine or stimulation of its A 2A receptors may be beneficial to the abnormalities in sympathetic responsiveness observed in heart failure due to its inhibitory effects on TRPV1.
In addition, adenosine plays a role as a regulator of neuronal survival [37] . Effects of adenosine on target cells are influenced by the subtype and density of the adenosine receptors that are present on those cells [38] . In this regard, primary neurons derived from the superior cervical ganglion (SCG) were previously used to study since it represents a well-characterized model for neurotrophin-dependent sympathetic neuronal apoptosis [39] . A prior study has revealed that addition of exogenous adenosine deaminase (ADA), to nerve growth factor (NGF) maintained SCG cultures results in a dramatic increase in apoptosis, suggest that the presence of endogenous adenosine is necessary for the survival of sympathetic neurons [40] . It is also found that A 2A receptors are predominant adenosine receptor subtype expressed in primary rat SCG neurons [40] . Consistently with this, the survival of NGF-deprived SCG neurons is enhanced by the addition of an A 2A R specific agonist CGS21680, and this effect is reversed when cells were exposed to an A 2A R antagonist [40] . These findings suggest that adenosine is likely to play an important role in the regulation of cell survival in the peripheral nervous system and that it may synergize with NGF in contributing to the neuronal survival.
Our prior study demonstrated that the levels of NGF in sympathetic neurons and DRG neurons of rats are impaired after heart failure induced by ligation of the coronary artery [41] . NGF can affect the response of TRPV1 in DRG neurons [42] . Infusion of NGF in the muscles or addition of NGF to the culture dish containing DRG neurons increases the magnitude of TRPV1 response in IB 4 -negative DRG neurons (expressing trkA receptors for NGF, depends on NGF for survival) [42] . It is postulated that impaired NGF seen in heart failure attenuates TRPV1 expression and activity thereby leading to less SNA and BP responses to TRPV1 stimulation in rats with heart failure. As adenosine is increased in the circulation of heart failure [43] , this may restrict TRPV1 and play a beneficial role in this disease.
In patients with heart failure, the level of plasma adenosine is ~200 nmol/L (nM) and ~60 nM in healthy subjects [43] . In rats with pressure overload hypertrophy, the level of coronary effluent adenosine is ~2000 pmol/min/g wet heart tissue (2 nmol) and ~1 nmol in control animals [44] . Nevertheless, the concentrations of adenosine used in our current study were 0.5-50 nmol/kg body weight, and they were injected into the arterial blood supply of the hindlimb muscles. Considering that a rat weighed 200-250g and muscles weigh of the injected leg was ~10-20g, muscle tissues would receive adenosine at ~0.05-5 nmol/g tissue. These levels of adenosine are likely relevant to heart failure. This may also suggest that the increased levels of adenosine in heart failure are likely to lead to the blunted metaboreflex [35, 36] .
With respect to the effects of adenosine in the presence of a TRPV1 antagonist, capsaicin-currents were largely attenuated as a TRPV1 antagonist (such as capsazepine) was applied [22] , by which we did not have the opportunity observing the effects of adenosine on capsaicin-currents in the presence of a TRPV1 antagonist in the current study. In vivo part of the current study, adenosine or CGS21680 did not alter RSNA and BP per se. Likewise, we did not examine the effects of a TRPV1 antagonist as adenosine was given.
Conclusions
Adenosine and activation of its A 2A receptor inhibit muscle afferent TRPV1-engaged reflex SNA and BP responses. There are receptor mechanisms responsible for the role of adenosine. First, the co-existence of A 2A and TRPV1 in DRG neurons is observed in the current study. Second, the prior application of adenosine and its A 2A subtype receptor agonist decreases the current magnitude of the DRG neuron response induced by capsaicin. Thus, it is likely that TRPV1 response is inhibited as the levels of adenosine are increased in the hindlimb muscles under diseased conditions such as heart failure. 
